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Femoral	Neck	Fracture	Fall	to	side	 Moon	 Short	 0.09	 0.07	Fall	to	side	 Moon	 Long	 0.10	 0.08	Fall	to	side	 Mars	 Short	 0.23	 0.16	Fall	to	side	 Mars	 Long	 0.28	 0.20	


















Use	Mean	 -1.06	 -0.32	Standard	Deviation	 0.63	 0.44	Minimum	 0	 -0.16	Maximum	 -2.0	 -1.35		
VII. Risk	in	Context	of	Exploration	Mission	Operations	Specific	exploration	mission	scenarios	are	defined	according	to	the	duration	of	the	time	in	space	(Table	5).	The	BFxRM	was	applied	to	each	of	these	mission	scenarios	to	determine	the	probability	of	bone	fracture	during	the	performance	of	specific	mission	activities	and	the	duration	of	the	specific	mission	(including	habitation	and	transit	time).	 	Table	5.	Definition	of	Exploration	Mission	Scenarios	by	Duration	




Transit Time to 
Earth (days) 
Short Moon 3 8 3 
Long Moon 5 170 5 
Short Mars 162 40 162 





to	have	additional	risk	factors	and	skeletal	changes	that	are	associated	with	advanced	age	contributing	to	their	propensity	to	fracture	over	a	younger-aged	person.		Table	6.	Estimated	Factor	of	Risks	based	upon	Finite	Element	Analysis	of	Fracture	Load		 Factor	of	Risk:	Estimated	Applied	Load/Fracture	Load	Ratio*	Astronaut	pre-flight	 0.89+0.21	Astronaut	on	Earth	after	Mars	mission	 1.07+0.30	Women,	70-80	years	of	age	 1.04+0.37	Astronauts	on	Mars	(0.38	G)	 0.66+0.15	*a	ratio	>1	indicates	that	the	applied	load	exceeds	the	fracture	load	(strength	of	the	bone)	and	fracture	will	occur		The	following	assumptions	were	made	in	these	calculations	of	Factor	of	Risk.	First,	the	only	applied	forces	were	from	gravity	fields.	Not	only	does	this	assumption	underestimate	fracture	risk,	but	it	also	does	not	address	a	potential	protective	effect	of	an	exoskeleton	(EVA	suit).	The	applied	loads	on	skeleton	due	to	suit	design,	EVA	activities,	or	tasks	performed	on	planetary	surfaces	are	not	known.	Further,	it	was	assumed	that	there	was	a	consistent	loss	in	bone	mass	during	space	travel	to	and	from	Mars	based	upon	an	estimated	monthly	loss	of	BMD,	which	presumes	a	constant	loss,	for	weight-bearing	sites.	The	actual	time	course	of	bone	mineral	loss	is	not	known.	Further,	the	model	assumes	that	no	further	bone	loss	occurs	during	exposure	to	1/6	(lunar)	or	1/3	(Martian)	gravity.		We	do	not	currently	know	the	extent,	if	any,	that	these	partial	gravity	fields	will	mitigate	bone	atrophy.	Rodent	studies	in	ground-based	models	of	partial	weight-bearing	suggest	that	partial	weight-bearing	loads	do	not	prevent	(Swift	et	al.	2013),	or	proportionally	reduce	(Ellman	et	al.	2013)	musculoskeletal	declines.		Similar	calculations	of	Factor	of	Risk	can	be	performed	for	other	mission	scenarios	as	presented	in	Table	5.	Calculations	will	have	less	uncertainty	as	more	data	reflecting	changes	to	additional	bone	parameters,	such	as	bone	structure,	are	better	defined.	Bone	data	acquired	by	other	modalities	and	analyses	may	improve	the	probabilistic	risk	assessments	for	fracture	(Cody	et	al.	1999).		When	the	rate	of	BMD	loss	was	changed	within	the	BFxRM	to	reflect	the	aBMD	data	of	crewmembers	with	access	to	ARED,	with	all	other	factors	within	the	BFxRM	remaining	the	same,	there	was	minimal	change	in	the	probability	of	bone	fracture	for	the	six	reference	missions.		The	reason	for	the	minimal	change	may	be	due	to	the	following:	
• The	BFxRM	is	not	sensitive	to	changes	in	aBMD.		aBMD	by	DXA	accounts	for	only	50-70%	of	actual	bone	strength,	so	a	small	change	in	aBMD	translates	to	a	small	change	in	bone	strength	following	ARED	access,	even	over	the	course	of	long	Martian	missions.	US	astronauts	have	substantial	pre-flight	bone	mass,	with	aBMD	T-scores	greater	than	average	BMD	of	young	healthy	persons,	and	the	loss	of	bone	mass	during	spaceflight,	though	still	evident	even	with	resistive	exercise	on	ARED,	is	small	relative	to	the	absolute	mass.			
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• The	lower	gravitational	environments	on	moon	and	Mars	reduce	the	velocity	of	a	fall	and,	subsequently,	applied	loads	to	the	hip	during	a	fall	on	a	planetary	surface.			
• There	is	much	variability	with	rates	of	aBMD	loss	rendering	the	BRxFM	insensitive	to	changes	in	aBMD	induced	by	bisphosphonates	or	ARED	exercise.	The	most	sensitive	parameter	within	the	BFxRM	is	“the	number	of	times	during	a	mission	that	an	event	occurs	that	could	result	in	a	fracture.”		However,	it	is	challenging	to	estimate	how	many	times	an	astronaut	might	accidently	fall.		In	addition,	the	probability	of	wrist	fracture	remains	unchanged	from	pre-ARED	implementation	because	the	change	in	BMD	at	the	wrist	during	the	mission	is	zero	and	was	not	altered	by	use	of	the	ARED.	Therefore,	with	all	other	factors	remaining	the	same,	the	change	in	bone	loss	rate	after	ARED	became	available	on-orbit	had	very	little	effect	on	the	calculated,	overall	bone	fracture	probability.		This	suggests	that	the	BRxFM	using	aBMD	for	bone	strength	may	not	be	useful	as	a	tool	because	it	cannot	evaluate	the	effect	of	a	countermeasure.	To	this	aim,	finite	element	modeling	to	estimate	changes	in	Bone	Strength	will	be	investigated	in	the	BFxRM	to	improve	our	ability	to	estimate	fracture	probability.	
VIII. Gaps	At	the	time	of	writing,	3	research	knowledge	gaps	have	been	identified	that	are	directly	related	to	the	Risk	of	Bone	Fracture.	These	are:	
• Fracture	1:	We	don’t	understand	how	the	space	flight	environment	affects	bone	fracture	healing	in-flight.		
• Fracture	2:	We	need	to	characterize	the	loads	applied	to	bone	for	standard	in-mission	activities.		
• Fracture	3:	We	need	a	validated	method	to	estimate	the	Risk	of	Fracture	by	evaluating	the	ratio	of	applied	loads	to	bone	fracture	loads	for	expected	mechanically	loaded	activities	during	a	mission.		
IX. Conclusions	A	high	risk	for	fracture	is	a	characteristic	of	osteoporosis,	which	is	a	consequence	of	the	losses	in	bone	mass	and	in	structural	deterioration.	The	distinction	between	the	increased	bone	fracture	risk	in	persons	with	osteoporosis	and	the	increased	risk	for	fractures	during	a	spaceflight	mission	is	based	upon	a	Factor	of	Risk.	Osteoporotic	persons	fracture	under	scenarios	of	minimal	or	no	loading	due	to	the	fragility	of	bone	itself.	Fragility	fractures	are	characteristic	of	fractures	occurring	under	the	loading	of	normal	activities	(for	example,	standing,	coughing,	rolling	over	in	bed)	or	with	falls	from	a	standing	height.	To	the	best	of	our	data-mining	capabilities,	there	is	no	evidence	for	increased	risk	of	fragility	fractures	in	long-duration	crewmembers,	nor	is	there	a	diagnosis	of	osteoporosis	in	these	crewmembers	by	clinically	accepted	guidelines.	However,	the	current	T-score	based	criteria	for	risk	assessment,	
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originally	developed	for	older	women,	are	probably	not	sufficient	for	assessing	risk	in	a	low	number	of	astronauts	who	are	predominantly	young,	healthy	males	exposed	to	skeletal	assault	that	is	unlike	age-related	bone	loss.			Parameters	of	bone	micro-	and	macrostructure	contribute	to	the	strength	of	bone	and	can	be	quantified	by	non-invasive	technologies.	Uncertainty	related	to	spaceflight	effects	on	bone	morphology	and	on	bone	strength	exist	because	technologies,	including	QCT	scanning	and	FEA,	to	assess	such	changes	have	currently	been	assessed	only	on	a	low	number	of	volunteers.	Changes	to	the	human	skeleton	when	exposed	to	a	microgravity	or	fractional	gravity	environment	remain	unknown.	Low	subject	numbers	and	delayed	accumulation	of	data	are	large	constraints	to	assessing	fracture	probability	for	decision-making	and	mission	planning.			With	an	increased	understanding	of	spaceflight	effects	and	improved	measurement	capabilities	beyond	DXA	aBMD,	we	may	be	able	to	provide	a	better	assessment	of	fracture	risk	to	future	crew.	Additional	data	could	include	the	temporal	pattern	of	bone	loss	for	missions	greater	than	6	months	and	the	morphological	changes	that	accompany	skeletal	adaptation	to	space,	including	both	microgravity	and	partial	gravity	environments.	Documented	reductions	in	bone	mass	and	structural	changes	suggest	declines	in	whole	bone	strength	such	that	a	deconditioned	person	with	bone	atrophy	is	susceptible	to	fracture	at	loads	that	may	have	been	tolerable	before	spaceflight.	A	multifactorial	analysis	of	cross-disciplinary	risk	factors	for	fracture	is	also	warranted.	Finally,	modeling	the	Factor	of	Risk	for	fracture	during	a	spaceflight	mission	requires	a	full	understanding	of	the	changes	in	bone	mass	and	in	bone	quality	at	specific	sites	as	well	as	how	these	sites	will	be	mechanically	loaded	by	activities	during	a	spaceflight	mission.			 	
27		
X. References	Amin	S,	Achenbach	SJ,	Atkinson	E,	et	al	(2010)	Bone	Bone	Density	Following	Long-Duration	Spaceflight	and	Recovery.		Amin	S,	Achenbach	SJ,	Atkinson	E,	Sibonga	J	(2011)	Bone	Density	Following	Three	Years	of	Recovery	from	Long-Duration	Space	Flight.		Beck	TJ	(2007)	Extending	DXA	beyond	bone	mineral	density:	understanding	hip	structure	analysis.	Curr	Osteoporos	Rep	5:49–55.	Bischoff	HA,	Stähelin	HB,	Dick	W,	et	al	(2003)	Effects	of	vitamin	D	and	calcium	supplementation	on	falls:	a	randomized	controlled	trial.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	18:343–351.	doi:	10.1359/jbmr.2003.18.2.343	Bischoff-Ferrari	HA,	Dawson-Hughes	B,	Willett	WC,	et	al	(2004)	Effect	of	Vitamin	D	on	falls:	a	meta-analysis.	JAMA	291:1999–2006.	doi:	10.1001/jama.291.16.1999	Black	DM,	Bouxsein	ML,	Marshall	LM,	et	al	(2008)	Proximal	Femoral	Structure	and	the	Prediction	of	Hip	Fracture	in	Men:	A	Large	Prospective	Study	Using	QCT.	J	Bone	Miner	Res	23:1326–1333.	doi:	10.1359/jbmr.080316	Bloomberg	JJ,	Mulavara	AP	(2003)	Changes	in	walking	strategies	after	spaceflight.	IEEE	Eng	Med	Biol	Mag	Q	Mag	Eng	Med	Biol	Soc	22:58–62.	Bonnick	SL	(2007)	HSA:	beyond	BMD	with	DXA.	Bone	41:S9-12.	doi:	10.1016/j.bone.2007.03.007	Bonnick	SL,	Shulman	L	(2006)	Monitoring	osteoporosis	therapy:	bone	mineral	density,	bone	turnover	markers,	or	both?	Am	J	Med	119:S25-31.	doi:	10.1016/j.amjmed.2005.12.020	Boudreaux	R,	Sibonga	JD	(2015)	Simple	Geometric	Measurements	Predict	Hip	Fracture	Beyond	Bone	Mineral	Density.	Tex	Orthop	J	1:109–122.	Carpenter	RD,	Beaupré	GS,	Lang	TF,	et	al	(2005)	New	QCT	analysis	approach	shows	the	importance	of	fall	orientation	on	femoral	neck	strength.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	20:1533–1542.	doi:	10.1359/JBMR.050510	Chang	G,	Honig	S,	Liu	Y,	et	al	(2015)	7	Tesla	MRI	of	bone	microarchitecture	discriminates	between	women	without	and	with	fragility	fractures	who	do	not	differ	by	bone	mineral	density.	J	Bone	Miner	Metab	33:285–293.	doi:	10.1007/s00774-014-0588-4			
28		
Chesnut	CH,	Majumdar	S,	Newitt	DC,	et	al	(2005)	Effects	of	salmon	calcitonin	on	trabecular	microarchitecture	as	determined	by	magnetic	resonance	imaging:	results	from	the	QUEST	study.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	20:1548–1561.	doi:	10.1359/JBMR.050411	Cody	DD,	Gross	GJ,	Hou	FJ,	et	al	(1999)	Femoral	strength	is	better	predicted	by	finite	element	models	than	QCT	and	DXA.	J	Biomech	32:1013–1020.	Courtine	G,	Pozzo	T	(2004)	Recovery	of	the	locomotor	function	after	prolonged	microgravity	exposure.	I.	Head-trunk	movement	and	locomotor	equilibrium	during	various	tasks.	Exp	Brain	Res	158:86–99.	doi:	10.1007/s00221-004-1877-2	Cummings	SR,	Black	DM,	Thompson	DE,	et	al	(1998)	Effect	of	alendronate	on	risk	of	fracture	in	women	with	low	bone	density	but	without	vertebral	fractures:	results	from	the	Fracture	Intervention	Trial.	JAMA	280:2077–2082.	Cummings	SR,	Nevitt	MC,	Browner	WS,	et	al	(1995)	Risk	factors	for	hip	fracture	in	white	women.	Study	of	Osteoporotic	Fractures	Research	Group.	N	Engl	J	Med	332:767–773.	doi:	10.1056/NEJM199503233321202	Dana	Carpenter	R,	LeBlanc	AD,	Evans	H,	et	al	(2010)	Long-term	changes	in	the	density	and	structure	of	the	human	hip	and	spine	after	long-duration	spaceflight.	Acta	Astronaut	67:71–81.	doi:	10.1016/j.actaastro.2010.01.022	De	Laet	C,	Odén	A,	Johansson	H,	et	al	(2005)	The	impact	of	the	use	of	multiple	risk	indicators	for	fracture	on	case-finding	strategies:	a	mathematical	approach.	Osteoporos	Int	J	Establ	Result	Coop	Eur	Found	Osteoporos	Natl	Osteoporos	Found	USA	16:313–318.	doi:	10.1007/s00198-004-1689-z	Ellman	R,	Sibonga	J,	Bouxsein	M	(2010)	Male	astronauts	have	greater	bone	loss	and	risk	of	hip	fracture	following	long	duration	spaceflights	than	females.	[Abstract	1142]		Podium	presentation	at	the	American	Society	of	Bone	and	Mineral	Research	Annual	Meeting;	Toronto,	Ontario,	Canada,	October	2010.		Ellman	R,	Spatz	J,	Cloutier	A,	et	al	(2013)	Partial	reductions	in	mechanical	loading	yield	proportional	changes	in	bone	density,	bone	architecture,	and	muscle	mass.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	28:875–885.	doi:	10.1002/jbmr.1814	Espallargues	M,	Sampietro-Colom	L,	Estrada	MD,	et	al	(2001)	Identifying	bone-mass-related	risk	factors	for	fracture	to	guide	bone	densitometry	measurements:	a	systematic	review	of	the	literature.	Osteoporos	Int	J	Establ	Result	Coop	Eur	Found	Osteoporos	Natl	Osteoporos	Found	USA	12:811–822.	doi:	10.1007/s001980170031	
29		
Gadomski	BC,	Lerner	ZF,	Browning	RC,	et	al	(2016)	Computational	characterization	of	fracture	healing	under	reduced	gravity	loading	conditions.	J	Orthop	Res	Off	Publ	Orthop	Res	Soc	34:1206–1215.	doi:	10.1002/jor.23143	Gadomski	BC,	McGilvray	KC,	Easley	JT,	et	al	(2014a)	An	in	vivo	ovine	model	of	bone	tissue	alterations	in	simulated	microgravity	conditions.	J	Biomech	Eng	136:21020.	doi:	10.1115/1.4025854	Gadomski	BC,	McGilvray	KC,	Easley	JT,	et	al	(2014b)	Partial	gravity	unloading	inhibits	bone	healing	responses	in	a	large	animal	model.	J	Biomech	47:2836–2842.	doi:	10.1016/j.jbiomech.2014.07.031	Garnero	P,	Sornay-Rendu	E,	Duboeuf	F,	Delmas	PD	(1999)	Markers	of	bone	turnover	predict	postmenopausal	forearm	bone	loss	over	4	years:	the	OFELY	study.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	14:1614–1621.	doi:	10.1359/jbmr.1999.14.9.1614	Garraway	WM,	Stauffer	RN,	Kurland	LT,	O’Fallon	WM	(1979)	Limb	fractures	in	a	defined	population.	I.	Frequency	and	distribution.	Mayo	Clin	Proc	54:701–707.	Gutteridge	DH,	Stewart	GO,	Prince	RL,	et	al	(2002)	A	randomized	trial	of	sodium	fluoride	(60	mg)	+/-	estrogen	in	postmenopausal	osteoporotic	vertebral	fractures:	increased	vertebral	fractures	and	peripheral	bone	loss	with	sodium	fluoride;	concurrent	estrogen	prevents	peripheral	loss,	but	not	vertebral	fractures.	Osteoporos	Int	J	Establ	Result	Coop	Eur	Found	Osteoporos	Natl	Osteoporos	Found	USA	13:158–170.	doi:	10.1007/s001980200008	Hans	D,	Barthe	N,	Boutroy	S,	et	al	(2011)	Correlations	Between	Trabecular	Bone	Score,	Measured	Using	Anteroposterior	Dual-Energy	X-Ray	Absorptiometry	Acquisition,	and	3-Dimensional	Parameters	of	Bone	Microarchitecture:	An	Experimental	Study	on	Human	Cadaver	Vertebrae.	J	Clin	Densitom	14:302–312.	doi:	10.1016/j.jocd.2011.05.005	Hernandez	CJ,	Gupta	A,	Keaveny	TM	(2006)	A	biomechanical	analysis	of	the	effects	of	resorption	cavities	on	cancellous	bone	strength.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	21:1248–1255.	doi:	10.1359/jbmr.060514	Kanis	JA,	Melton	LJ,	Christiansen	C,	et	al	(1994)	The	diagnosis	of	osteoporosis.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	9:1137–1141.	doi:	10.1002/jbmr.5650090802				
30		
Kanis	JA,	Oden	A,	Johnell	O,	et	al	(2007)	The	use	of	clinical	risk	factors	enhances	the	performance	of	BMD	in	the	prediction	of	hip	and	osteoporotic	fractures	in	men	and	women.	Osteoporos	Int	J	Establ	Result	Coop	Eur	Found	Osteoporos	Natl	Osteoporos	Found	USA	18:1033–1046.	doi:	10.1007/s00198-007-0343-y	Keaveny	TM,	Kopperdahl	DL,	Melton	LJ,	et	al	(2010)	Age-dependence	of	femoral	strength	in	white	women	and	men.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	25:994–1001.	doi:	10.1359/jbmr.091033	Keyak	JH,	Kaneko	TS,	Tehranzadeh	J,	Skinner	HB	(2005)	Predicting	proximal	femoral	strength	using	structural	engineering	models.	Clin	Orthop	219–228.	Keyak	JH,	Koyama	AK,	LeBlanc	A,	et	al	(2009)	Reduction	in	proximal	femoral	strength	due	to	long-duration	spaceflight.	Bone	44:449–453.	doi:	10.1016/j.bone.2008.11.014	Keyak	JH,	Sigurdsson	S,	Karlsdottir	G,	et	al	(2011)	Male-female	differences	in	the	association	between	incident	hip	fracture	and	proximal	femoral	strength:	a	finite	element	analysis	study.	Bone	48:1239–1245.	doi:	10.1016/j.bone.2011.03.682	Kohrt	WM,	Bloomfield	SA,	Little	KD,	et	al	(2004)	American	College	of	Sports	Medicine	Position	Stand:	physical	activity	and	bone	health.	Med	Sci	Sports	Exerc	36:1985–1996.	Lang	T,	LeBlanc	A,	Evans	H,	et	al	(2004)	Cortical	and	Trabecular	Bone	Mineral	Loss	From	the	Spine	and	Hip	in	Long-Duration	Spaceflight.	J	Bone	Miner	Res	19:1006–1012.	doi:	10.1359/JBMR.040307	Lang	TF	(2006)	What	do	we	know	about	fracture	risk	in	long-duration	spaceflight?	J	Musculoskelet	Neuronal	Interact	6:319–321.	LeBlanc	A,	Lin	C,	Shackelford	L,	et	al	(2000a)	Muscle	volume,	MRI	relaxation	times	(T2),	and	body	composition	after	spaceflight.	J	Appl	Physiol	Bethesda	Md	1985	89:2158–2164.	LeBlanc	A,	Schneider	V,	Shackelford	L,	et	al	(2000b)	Bone	mineral	and	lean	tissue	loss	after	long	duration	space	flight.	J	Musculoskelet	Neuronal	Interact	1:157–60.	LeBlanc	AD,	Spector	ER,	Evans	HJ,	Sibonga	JD	(2007)	Skeletal	responses	to	space	flight	and	the	bed	rest	analog:	a	review.	J	Musculoskelet	Neuronal	Interact	7:33–47.		
31		
Mader	TH,	Gibson	CR,	Pass	AF,	et	al	(2011)	Optic	disc	edema,	globe	flattening,	choroidal	folds,	and	hyperopic	shifts	observed	in	astronauts	after	long-duration	space	flight.	Ophthalmology	118:2058–2069.	doi:	10.1016/j.ophtha.2011.06.021	Medimaps	Group	(2015)	Advanced	DXA	Using	TBS	iNsight.		Mulavara	AP,	Feiveson	AH,	Fiedler	J,	et	al	(2010)	Locomotor	function	after	long-duration	space	flight:	effects	and	motor	learning	during	recovery.	Exp	Brain	Res	202:649–659.	doi:	10.1007/s00221-010-2171-0	NASA	(2014)	NASA	Spaceflight	Human	System	Standards	-	NASA	Standard	3001.	National	Aeronautics	and	Space	Administration,	NASA	Johnson	Space	Center	NASA	Human	Research	Program	(2016)	Human	Research	Program	Roadmap.	https://humanresearchroadmap.nasa.gov.		Nelson	ES,	Lewandowski	B,	Licata	A,	Myers	JG	(2009)	Development	and	validation	of	a	predictive	bone	fracture	risk	model	for	astronauts.	Ann	Biomed	Eng	37:2337–2359.	doi:	10.1007/s10439-009-9779-x	Newman	DJ,	Jackson	DK,	Bloomberg	JJ	(1997)	Altered	astronaut	lower	limb	and	mass	center	kinematics	in	downward	jumping	following	space	flight.	Exp	Brain	Res	117:30–42.	Ng	AC,	Drake	MT,	Clarke	BL,	et	al	(2012)	Trends	in	subtrochanteric,	diaphyseal,	and	distal	femur	fractures,	1984-2007.	Osteoporos	Int	J	Establ	Result	Coop	Eur	Found	Osteoporos	Natl	Osteoporos	Found	USA	23:1721–1726.	doi:	10.1007/s00198-011-1777-9	NIH	Consensus	Development	Panel	on	Osteoporosis	Prevention,	Diagnosis,	and	Therapy	(2001)	Osteoporosis	prevention,	diagnosis,	and	therapy.	JAMA	285:785–795.	Orwoll	ES,	Adler	RA,	Amin	S,	et	al	(2013)	Skeletal	health	in	long-duration	astronauts:	nature,	assessment,	and	management	recommendations	from	the	NASA	Bone	Summit.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	28:1243–1255.	doi:	10.1002/jbmr.1948	Orwoll	ES,	Marshall	LM,	Nielson	CM,	et	al	(2009)	Finite	element	analysis	of	the	proximal	femur	and	hip	fracture	risk	in	older	men.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	24:475–483.	doi:	10.1359/jbmr.081201	Parfitt	AM,	Drezner	MK,	Glorieux	FH,	et	al	(1987)	Bone	histomorphometry:	standardization	of	nomenclature,	symbols,	and	units.	Report	of	the	ASBMR	Histomorphometry	Nomenclature	Committee.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	2:595–610.	doi:	10.1002/jbmr.5650020617	
32		
Peters	B,	Bloomberg	J,	Layne	C,	et	al	(1996)	Eye,	head,	and	trunk	phase	relationships	during	treadmill	locomotion	while	viewing	visual	targets	at	different	distances.		Soc.	Neurosci.	Abstr.	1996			22(3):	1848.	Soc	Neurosci	Abstr	22:1848.	Prevrhal	S,	Meta	M,	Genant	HK	(2004)	Two	new	regions	of	interest	to	evaluate	separately	cortical	and	trabecular	BMD	in	the	proximal	femur	using	DXA.	Osteoporos	Int	J	Establ	Result	Coop	Eur	Found	Osteoporos	Natl	Osteoporos	Found	USA	15:12–19.	doi:	10.1007/s00198-003-1500-6	Riggs	BL,	Hodgson	SF,	O’Fallon	WM,	et	al	(1990)	Effect	of	fluoride	treatment	on	the	fracture	rate	in	postmenopausal	women	with	osteoporosis.	N	Engl	J	Med	322:802–809.	doi:	10.1056/NEJM199003223221203	Riggs	BL,	Melton	LJ,	Robb	RA,	et	al	(2006)	Population-based	analysis	of	the	relationship	of	whole	bone	strength	indices	and	fall-related	loads	to	age-	and	sex-specific	patterns	of	hip	and	wrist	fractures.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	21:315–323.	doi:	10.1359/JBMR.051022	Robinovitch	SN,	Hayes	WC,	McMahon	TA	(1991)	Prediction	of	femoral	impact	forces	in	falls	on	the	hip.	J	Biomech	Eng	113:366–374.	Schuit	SCE,	van	der	Klift	M,	Weel	AEAM,	et	al	(2004)	Fracture	incidence	and	association	with	bone	mineral	density	in	elderly	men	and	women:	the	Rotterdam	Study.	Bone	34:195–202.	doi:	10.1016/j.bone.2003.10.001	Sibonga	J	(2017)	Risk	of	Accelerated	Osteoporosis.	National	Aeronautics	and	Space	Administration,	NASA	Johnson	Space	Center.	Human	Research	Program	Evidence	Report	May	9,	2017,	available	at:	https://humanresearchroadmap.nasa.gov/Evidence/	Sibonga	JD,	Evans	HJ,	Sung	HG,	et	al	(2007)	Recovery	of	spaceflight-induced	bone	loss:	bone	mineral	density	after	long-duration	missions	as	fitted	with	an	exponential	function.	Bone	41:973–978.	doi:	10.1016/j.bone.2007.08.022	Smith	SM,	Heer	M,	Shackelford	LC,	et	al	(2015)	Bone	metabolism	and	renal	stone	risk	during	International	Space	Station	missions.	Bone	81:712–720.	doi:	10.1016/j.bone.2015.10.002	Smith	SM,	Heer	MA,	Shackelford	LC,	et	al	(2012)	Benefits	for	bone	from	resistance	exercise	and	nutrition	in	long-duration	spaceflight:	Evidence	from	biochemistry	and	densitometry.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	27:1896–1906.	doi:	10.1002/jbmr.1647	Smith	SM,	Wastney	ME,	Morukov	BV,	et	al	(1999)	Calcium	metabolism	before,	during,	and	after	a	3-mo	spaceflight:	kinetic	and	biochemical	changes.	Am	J	Physiol	277:R1-10.	
33		
Smith	SM,	Wastney	ME,	O’Brien	KO,	et	al	(2005)	Bone	markers,	calcium	metabolism,	and	calcium	kinetics	during	extended-duration	space	flight	on	the	mir	space	station.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	20:208–218.	doi:	10.1359/JBMR.041105	Sornay-Rendu	E,	Munoz	F,	Garnero	P,	et	al	(2005)	Identification	of	Osteopenic	Women	at	High	Risk	of	Fracture:	The	OFELY	Study.	J	Bone	Miner	Res	20:1813–1819.	doi:	10.1359/JBMR.050609	Sulkowski	CM,	Gilkey	KM,	Lewandowski	BE,	et	al	(2011)	An	extravehicular	suit	impact	load	attenuation	study	to	improve	astronaut	bone	fracture	prediction.	Aviat	Space	Environ	Med	82:455–462.	Swift	JM,	Lima	F,	Macias	BR,	et	al	(2013)	Partial	weight	bearing	does	not	prevent	musculoskeletal	losses	associated	with	disuse.	Med	Sci	Sports	Exerc	45:2052–2060.	doi:	10.1249/MSS.0b013e318299c614	Turner	RT	(2000)	Invited	review:	what	do	we	know	about	the	effects	of	spaceflight	on	bone?	J	Appl	Physiol	Bethesda	Md	1985	89:840–847.	van	der	Linden	JC,	Homminga	J,	Verhaar	JA,	Weinans	H	(2001)	Mechanical	consequences	of	bone	loss	in	cancellous	bone.	J	Bone	Miner	Res	Off	J	Am	Soc	Bone	Miner	Res	16:457–465.	doi:	10.1359/jbmr.2001.16.3.457	Vico	L,	Collet	P,	Guignandon	A,	et	al	(2000)	Effects	of	long-term	microgravity	exposure	on	cancellous	and	cortical	weight-bearing	bones	of	cosmonauts.	Lancet	Lond	Engl	355:1607–1611.	Wainwright	SA,	Marshall	LM,	Ensrud	KE,	et	al	(2005)	Hip	Fracture	in	Women	without	Osteoporosis.	J	Clin	Endocrinol	Metab	90:2787–2793.	doi:	10.1210/jc.2004-1568	World	Health	Organization	(2004)	WHO	Scientific	Group	on	the	Assessment	of	Osteoporosis	at	Primary	Health	Care	Level.	Summary	Meeting	Report.		Brussels,	Belgium,	May	5-7,	2004.	World	Health	Organization,	Brussels,	Belgium	World	Health	Organization	(1994)	Assessment	of	fracture	risk	and	its	application	to	screening	for	postmenopausal	osteoporosis.	Report	of	a	WHO	Study	Group.	World	Health	Organ	Tech	Rep	Ser	843:1–129.		 	
34		
XI. Team	NASA	Johnson	Space	Center,	Houston,	TX	Jean	Sibonga,	Ph.D.			Harlan	J.	Evans,	Ph.D.	Elisabeth	Spector,	B.S.	Scott	A.	Smith,	M.S.,	(CBDT)	Greg	Yardley,	M.S.		NASA	Glenn	Research	Center,	Cleveland,	OH	Jerry	G.	Myers,	Ph.D.	Beth	E.	Lewandowski,	Ph.D.		
XII. List	of	Acronyms		aBMD:	areal	bone	mineral	density	BFxRM:	Bone	Fracture	Risk	Model	BMD:	Bone	mineral	density	DXA:	dual-energy	X-ray	absorptiometry	EVA:	Extravehicular	activity	HRP:	Human	Research	Program	IMM:	Integrated	Medical	Model	iRED:	interim	resistive	exercise	device	ISS:	International	Space	Station	MRI:	magnetic	resonance	imaging	PRA:	probabilistic	risk	assessment	QCT:	quantitative	computed	tomography	vBMD:	volumetric	bone	mineral	density		
